Methods of symbolic computation in the presence of imprecision and uncertainty of information are important to many areas of computational mathematics. They are fundamentally important to the Semantic Web and generally important to other areas such as Artificial Intelligence. When fully realized, the Semantic Web will enable wide spread sharing and integration of machine stored information and software. Cornerstone of the Semantic Web is ontologies that describe domains of discourse and provide semantics to data. Ontologies identify important concepts in the domain and describe relationships between them. This is critical to achieving true machine understanding of Web's resources. In the Semantic Web ontologies are often defined as formal logical structures that support intelligent machine processing. Current methodologies for representing ontologies do not provide sufficient support for managing imprecision. Defining ontologies is difficult for domains that contain imprecise knowledge, i.e. knowledge that cannot be represented by means of crisp logic and classical sets. Examples include uncertain, incomplete, vague and subjective knowledge. Computational methods such as reasoning with imprecise ontologies are not broadly provided. There is a critical need to have: first, a formal mathematical methodology for representing imprecise ontologies and second, formal methods for evaluating and computing with imprecise ontologies. Objective evidence for existence of this need is the extensive number of imprecise domains on the current Web that are not conceptualized in formal ontologies even though it is indispensable if success of the Semantic Web is to be fully achieved. Continuous existence of the need represents an important problem for the expansion of the Semantic Web because, until the need is met, many imprecise domains on the Web remain unavailable for machine exploration, understanding and computation.
Overview and Objectives
Methods of symbolic computation in the presence of imprecision and uncertainty of information are important to many areas of computational mathematics. They are fundamentally important to the Semantic Web and generally important to other areas such as Artificial Intelligence. When fully realized, the Semantic Web will enable wide spread sharing and integration of machine stored information and software. Cornerstone of the Semantic Web is ontologies that describe domains of discourse and provide semantics to data. Ontologies identify important concepts in the domain and describe relationships between them. This is critical to achieving true machine understanding of Web's resources. In the Semantic Web ontologies are often defined as formal logical structures that support intelligent machine processing. Current methodologies for representing ontologies do not provide sufficient support for managing imprecision. Defining ontologies is difficult for domains that contain imprecise knowledge, i.e. knowledge that cannot be represented by means of crisp logic and classical sets. Examples include uncertain, incomplete, vague and subjective knowledge. Computational methods such as reasoning with imprecise ontologies are not broadly provided. There is a critical need to have: first, a formal mathematical methodology for representing imprecise ontologies and second, formal methods for evaluating and computing with imprecise ontologies. Objective evidence for existence of this need is the extensive number of imprecise domains on the current Web that are not conceptualized in formal ontologies even though it is indispensable if success of the Semantic Web is to be fully achieved. Continuous existence of the need represents an important problem for the expansion of the Semantic Web because, until the need is met, many imprecise domains on the Web remain unavailable for machine exploration, understanding and computation.
The long-term goal of this research is to develop computational methods usable in imprecise domains of the Semantic Web. Important aspects of this goal involve drawing conclusions from imprecise data, approximate reasoning with natural language descriptions, text summarization and autonomous extraction of knowledge from imprecise sources. The overall objective of the proposed research, which is a step toward approximate computation in the Semantic Web, is to develop a mathematical methodology for formal capture of knowledge imprecision in ontologies. Specifically, imprecision of concepts and relationships in ontologies will be formally represented; and methods for computing the overall imprecision of ontologies will be developed. This will allow formal quality assessment of ontologies. The approach that will be used is to combine different Soft Computing methodologies to incorporate different types of imprecision. Logical foundations of formal ontologies will be preserved with necessary extensions to allow imprecision. The rationale of the proposed research is to overcome one of the key obstacles for constructing and using ontologies in imprecise domains. As soon as imprecise knowledge can be accommodated in ontologies, and the degree of the imprecision can be formally assessed, approximate computation with ontologies such as reasoning, will be a step closer to becoming feasible.
The objective of the application will be attained by pursuit of the following three specific aims:
Formalize the representation of imprecise ontologies as approximate conceptual structures.
The approach that will be taken is a collaborative use of Rough and Fuzzy techniques to represent imprecise ontological concepts and relationships as sets and relations in approximation and simi-larity spaces [Radzikowska, 2001] [Yao, 2003] . Additionally, Rough Mereology [Polkowski, 1994 [Polkowski, , 1996 will be used to build approximate hierarchies of concepts by measuring the degree of inclusion of more specific concept into more generic one.
Develop methods of translating formal approximate hierarchies to logic based representation of ontologies.
Logic based approach to representing ontologies has the advantage of providing support of automated reasoning. To take advantage of it, methods will be developed to translate approximate hierarchies into Description Logics knowledge bases [Brachman, 2003] that are often used to represent ontologies. Syntax and semantics of the description languages will be extended to associate degrees of imprecision with logical statements.
Develop methods of computing the overall imprecision of approximate ontologies.
Computing the overall imprecision of ontologies is important to the assessment of their quality and appropriateness for reasoning. Symbolic methods will be developed to compute the overall imprecision based on the degrees of imprecision associated with logical statements, such as definitions of concepts and roles (relations).
The proposed research is innovative because it aims at developing imprecision management methodologies specifically tailored to the needs of the Semantic Web ontologies. The following are the expected outcomes: First, there expected to be developed a formal mathematical framework for constructing approximate ontologies for imprecise domains that are currently beyond machine understandability. Second, it is expected that the framework will be capable of accommodating existing crisp ontologies and will facilitate their evolution into approximate ones. This will reduce time and cost needed for developing new ontologies and will contribute to the Semantic Web expansion to imprecise domains. Third, the proposed methods of translating approximate conceptual hierarchies into Description Logics based representation of ontologies will impel the development of approximate reasoning algorithms by extending current tableaux-based calculus for Description Logics. It is further anticipated that symbolic methods proposed for computing the overall imprecision of ontologies will be an important means of evaluating the quality of imprecise ontologies in the Semantic Web. All together these results are expected to have an important positive impact on advancing of the Semantic Web in general and ontology engineering in particular.
Expected Significance
Ontologies are the means by which intelligent machines understand the meaning (semantics) of the available knowledge; and they are broadly used to support communication between the Semantic Web users [Uschold, 2003] . The success of the Semantic Web depends on the ability to create and computationally use ontologies. Terminology is often imprecisely used in domains, there are potential knowledge ambiguities, and some information is inherently imprecise. Defining important concepts and relationships is difficult in these domains. This complicates the process of creating ontologies [Straccia, 2001] . As a result, there is a deficit of formal ontologies for imprecise domains. Although various mathematical tools have been developed to handle imprecision in knowledge bases in general, there is no comprehensive mathematical framework for defining imprecise ontologies. The expected contribution of the proposed research is to provide such framework by formalizing the representations of imprecise ontology components, namely, concepts and roles; and, provide mathematical methods for synthesizing approximate ontologies from them. The proposed research is significant because it is expected to build a solid mathematical basis for formal conceptualization of imprecise domains in the Semantic Web and will provide a necessary support for symbolic computation with imprecise ontologies.
One example of computation with imprecise ontologies is approximate reasoning. The important aspect of the contribution is that imprecise ontologies will retain the necessary logical foundations and the support of automated reasoning. The use of the developed methodologies is not expected to be restricted to building new ontologies; they are also anticipated to be applied to integrating and approximating existing formal ontologies. Consequently, more formal ontologies will be available to provide semantics to the knowledge in the Semantic Web. Application areas of automated reasoning will be substantially broadened to include imprecise domains. Taking advantage of formal approximate ontologies is expected to become a fundamental capability of the Semantic Web. Users will use such ontologies when crisp semantics cannot be provided. Finally, the proposed methods of assessing the overall imprecision of ontologies are anticipated to significantly aid machines in estimating the accuracy of computation results, such as accuracy of approximate conclusions of a reasoning process.
Relation to the Principal Investigator's Long-Term Goals
The work proposed in this application is a step along a continuum of research that the Principal Investigator is pursuing. The PI's longer-term goal is to systematically extract higher-level descriptions (summaries) from semantically tagged or untagged whole language data (natural language texts). Semantically tagged data is an aspect of the Semantic Web. Reference to ontologies is necessary.
Ontologies often need to incorporate imprecision. Specific longer-term goals include: autonomous knowledge extraction, autonomous semantic tagging, ontology development, management of imprecision within ontological frameworks, approximate and opportunistic reasoning. The PI is interested in imprecise data and often uses techniques from soft computing (including rough sets and fuzzy sets). Pursuit of this line of research is expected to yield a more detailed understanding of the application of soft computing methodologies to ontologies. Work performed to date has positioned the applicant to undertake what is proposed in this application, because that body of information suggested that the formal application of soft computing techniques would be useful in handling imprecise ontologies. Successful completion of what is proposed here will strategically position us to undertake the next steps that we anticipate will be needed in pursuit of our longer-term goal. Specifically, those steps are expected to include: general management of imprecision within ontological frameworks, autonomous knowledge extraction, autonomous semantic tagging, and disambiguation of figurative whole language dialogue.
Background
Since the emergence of the Semantic Web, ontologies have attracted a significant research interest concerned with constructing, maintaining and reasoning with them. Once the importance of imprecision in the Semantic Web has been recognized, it started to be investigated in the context of ontologies that are seen as primary sources of the background knowledge. Current research aims at tolerating the imprecision in ontologies by relaxing the requirements imposed by classical mathematical tools such as crisp logic and set theory. Doherty [2003] formulates the expectation that concepts in ontologies will be difficult to keep crisp, especially if ontologies have to be created (semi-)automatically. He proposes to approximate ontology concepts by using Rough Set Theory. According to Doherty, approximate concepts are simply rough sets in crisp approximation spaces. The approximate concepts are organized into hierarchies by using standard inclusion relation between rough sets [Pawlak, 1996] . Algorithms to transform crisp ontologies into approximate ones are presented.
It is intended to take a similar approach of approximating concepts in ontologies; however the plan is to proceed further to handle the issues that were not addressed by Doherty's simple hierarchies of rough concepts. The first issue is the inadequacy of the standard rough set inclusion used as subsumption relation in ontologies. This relation is essentially crisp i.e. it does not allow to specify that a concept is specializations/generalization of another concept to a degree. Our hypothesis is that relaxing a requirement for the relations to be crisp is no less important than relaxing a requirement for concepts to be crisp. Although it has been mentioned that other inclusion relation could be used, none of them has been proposed by Doherty, and, consequently ontologies have not been fully approximated.
The second issue is the lack of logical foundations in the Doherty's framework. Ontologies are defined as graph-like structures that do not provide formal declarative semantics. Consequently, there is no support for automated reasoning. In particular, it is unclear how to derive new knowledge from the existing approximate ontologies. This would limit the machine usage of the approximate ontologies in the Semantic Web because of forcing intelligent agents to have the hardcoded semantics and inference rules.
Other approaches have emerged as attempts to relax crisp logic based formalism to represent ontologies. The goal is to keep the formal logical reasoning but tolerate the imprecision by extending the syntax and semantics of the languages. Description Logics [Brachman, 2002] are a family of popular logics for ontological languages such as OWL [Horrocks, 2003] that became targets for the extensions.
Description Logics (DLs) are the logical reconstruction of frame-based knowledge representation languages. The aim is to provide a simple well-established Tarski-style declarative semantics to capture the meaning of structured knowledge representation [Straccia, 2005] . Knowledge is represented as a tuple of three sets of axioms -terminological (concept) inclusions (TBox), role inclusions (RBox) and assertions of objects memberships to concepts and roles (ABox). Every axiom can be translated into an equivalent sentence in First Order Logic.
Research has been done on applying fuzzy methods to DLs. In particular, fuzzy extensions have been proposed by Straccia [2001 Straccia [ , 2005 for SHOIN(D), by Stoilos [2005a Stoilos [ , 2005b for SHOIQ and SHIN, etc. The goal is to capture vagueness of concepts by representing them as fuzzy sets. To accomplish this, TBox axioms are represented through fuzzy sets inclusion and ABox -as fuzzy membership assertions. Restricted inference services have been developed by extending classical crisp tableaux-based algorithms [Baader, 2000] to the fuzzy case [Stoilos, 2005a] .
Fuzzy DLs knowledge bases suffer from the same shortcoming as the approximate ontologies introduced by Doherty, namely, weak support of approximate subsumption relations. Inclusion relations used in fuzzy DLs are based on various fuzzy implication operators that are inadequate for representing approximate inclusion. The difficulty is that they assign zero to the degree of subsumption of one concept into another if there exists at least one object whose degree of membership to the former concept is greater than to the latter. It is not acceptable under the condition of partial indiscernibility of objects.
Additionally, other mathematical tools for tolerating the imprecision such as Dempster-Shafer Theory, Probability Theory, Possibility Theory [Zadeh, 1978] , etc are not supported, and other extensions of DLs language are required. This problem has been effectively approached by Haarslev [2005] , who proposed a uniform way of treating uncertainty in DLs. He suggested a framework that abstracts from both the nature of imprecision and the mechanisms for handling it. Instead the framework provides the interface for representing certainty values (degrees of imprecision) and imposes the requirements on functions used to operate with them. It is intended to use this approach to capture different sources of imprecision. The framework currently supplies extensions for very simple DL, ALC [Schmidt-Schauß, 1991] ; it is not ex-pressible enough to represent ontologies. It is our plan to extend the framework to more expressive languages, such as SHIF and SHOIN [Horrocks, 2004] .
To approach the problem of approximating the subsumption relations, it is proposed to use an approximate reasoning paradigm based on Rough Set Theory, called Rough Mereology. Rough Mereology is an extension of the mereology of Lesniewski [1916] ; it has been designed to support approximate synthesis of complex heterogeneous structures from inexact parts. In the context of the Semantic Web, approximate ontologies can be viewed as such structures where inexact parts are approximate concepts. Rough Mereology uses the notion of rough inclusion as a basic mechanism for creating approximate hierarchies. Axiomatic definition of rough inclusion allows the approximate computation of the degree of containment of one rough set in another. This is a convenient and powerful method; and, it will be used to define subsumption relations between approximate concepts in imprecise ontologies. It will be complemented by using Interval Analysis [Moore, 1966] for representing the certainty values. This will allow to capture the additional imprecision that is incurred as a result of computing rough inclusion for combinations of rough concepts.
Research Plan
The objective of this research will be accomplished by completing the following aims.
Aim 1. Formalize the representation of imprecise ontologies as approximate conceptual structures.
Introduction. As indicated earlier, there is a great deal of uncertain, imprecise and incomplete knowledge in the current Web's resources. It is anticipated that imprecise domains will continue to exist and will contain valuable knowledge in the Semantic Web [Straccia, 2005] . To make such domains understandable by machines, they must be formally described by ontologies that have to tolerate imprecision. The objective of this section is to develop a formal representation of imprecise ontological building blocks (concepts and roles) and their hierarchies. It will meet the need of having a formal methodology for representing imprecise ontologies and make the first step toward computing with them. The approach is based on an extensive use of Soft Computing paradigms, in particular, Rough Sets and Fuzzy Sets (for representing approximate concepts and relationships), and Rough Mereology (for representing imprecise hierarchical relations between concepts and constructing approximate hierarchies). In addition, Conceptual Graph Theory [Sowa, 1984] will be used as a basis for representing conceptual hierarchies. The rationale for this aim is that successful completion of the proposed research will build strong mathematical basis for approaching important problems of computing with imprecise ontologies. The examples are approximate reasoning and approximate integration and re-using of ontologies. The developed representation of approximate conceptual hierarchies is expected to be convertible to other formalisms for representing ontologies (such as Description Logics) but will be free of their specific restrictions. It will make it generic enough to serve as a common basis for constructing approximate ontologies using different methodologies and ontology engineering techniques.
Research Design: The objective of the section will be accomplished by undertaking the following steps:
• Formalizing representation of imprecise concepts in ontologies. In imprecise domains not all objects are fully discernible; and, they cannot be distributed over crisp concepts. The objective is to formally capture imprecision of concepts. This will be accomplished through the usage of rough sets that tolerate imprecise boundaries. Each object will be represented as a corresponding equivalence class. A degree of membership of an object to a concept will be formally defined as a rough membership value that can be considered as a rough inclusion of the equivalence class into the concept. A co-domain of the rough membership function will be generalized by moving from simple unit-interval values to more flexible closed intervals. This will allow capturing of additional imprecision that often exist in computing degrees of membership. The membership values (or certainty values) will be represented as intervals from Interval Analysis. All operations on intervals will be defined on the basis of Interval Analysis that has been investigated as a mechanism to handle inevitable errors in scientific computations. The operations that will be formally defined are:
o Partial order. This will allow comparing degrees of membership and determine whether one object is more likely to be an instance of a particular concept than another.
o Conjunction of intervals. This will allow determining a rough membership of an object to the intersection of concepts.
o Disjunction of intervals. This will allow determining a rough membership of an object to the union of concepts.
The last two operations will allow overcoming a well-known difficulty with rough membership functions: the inability to precisely compute rough membership for union and intersection of sets in general [Pawlak, 1994] . Such computation is important for concepts in ontologies even if it cannot be done precisely. Intervals will capture this additional imprecision. Consequently, rough membership can be treated as truth-functional relation.
Experiments will be conducted to test how rough sets meet the need of representing approximate concepts in ontologies. Rough concepts will be computed from information tables using methods from Formal Concept Analysis [Wille, 1982] . The degrees of rough membership of objects to combinations of concepts will be computed via operations of conjunction and disjunction of intervals. This will reveal which definitions of interval operations are the most adequate by comparing the additional imprecision that the operations incur. It is expected that the best definitions will be derived from the probabilistic view of rough sets :
• Formalizing representation of imprecise hierarchical relationships. The objective is to formally define imprecise hierarchical relationships (subsumed-by, part-of, etc.) that exist between imprecise concepts and roles. The most important hierarchical relationship in ontologies is "subsumed-by" that determines whether a concept/role is more specific/generic than another concept/ relationship. As long as for crisp sets such a relationship is modeled by means of property of "being a subset," it is natural to extend it to the imprecise case by considering the property of "being an approximate subset" i.e. being a subset to a degree. This degree, namely the degree of subsumption, is represented analogously to the degree of membership, as a closed interval. The important properties that subsumption relationship must obey will be defined on the basis of Rough Mereology that has been designed specifically for synthesizing approximate hierarchies. Mathematical formulations of hierarchical relationships will be developed. They will conform to the definition of rough inclusion functions that are used as primitive notions in Rough Mereology. This will provide solid founda-tions for building approximate hierarchies using Rough Mereology techniques that have been designed to construct complex objects from inexact parts in an automated way.
Approximate subsumption relationships will be computed between approximate concepts that have been induced from information tables during the previous section's experiments. The main objective of the experiment is to find the most suitable definition of the degree of subsumption between pairs of approximate concepts. For that purpose, many pairs of concepts that have mutually overlapping lower and upper approximations will be used. These overlaps will be chosen to create different patterns to fully assess an adequacy of subsumption relationships. It is expected that the most accurate definition will take into account all combinations of overlaps between lower and upper approximations of imprecise concepts:
• Develop a representation of approximate hierarchies. A skeleton of every ontology in the Semantic Web is a concept hierarchy. The objective is to organize approximate concepts and subsumption relations into approximate hierarchical structures. Generic representation proposed in Conceptual Graph Theory will be used as a basis. The main reason for choosing Conceptual Graphs is their support of hierarchical knowledge and abstraction from any specific use cases. It is intended to use and extend the existing mathematization of Conceptual Graphs [Wille, 1997] , [Prediger, 1998 ].
For an ontology representation, only the "support" of conceptual graphs will be used. The support consists of conceptual hierarchies (represented as lattices), role lattices and role specification graphs (star graphs). Star graphs define non-hierarchical relationships between concepts. Concepts and roles in the lattices will be represented as rough sets and rough relations. Partial order relation between concepts and roles in lattices will be based on the rough subsumption relation represented as a rough inclusion function from Rough Mereology.
Approximate conceptual hierarchies will be created from possibly incomplete relational data to test the adequacy of the representation. The following steps will be performed for each hierarchy:
o Concept type lattice will be derived from the set of approximate concepts induced from the imprecise data.
o Role type lattice will be derived analogously.
o Approximate star graphs will be created from crisp star graphs by approximating concepts.
After completing this step it is expected to have developed formal representation of approximate conceptual hierarchies. It will be specifically tailored to meet the need of capturing imprecision in concepts and relationships. The extent to which the need is met will be measured by comparing the performance of crisp and approximate conceptual hierarchy for the same imprecise domains. Both types of hierarchies will be constructed from incomplete information tables using Formal Concept Analysis and then partially indiscernible objects will be classified with respect to crisp and approximate ontological concepts. It is expected that a significant number of objects that cannot be precisely classified with crisp concepts, will be approximately classified with approximate ones.
• Combine rough and fuzzy methods for representing conceptual hierarchies. To capture different sources of imprecision in concepts and relationships, the rough set based representation of ap-proximate conceptual hierarchies will be complemented by fuzzy methods. Several approaches for the cooperative use of rough and fuzzy methods have been proposed. The following will be used:
o Rough fuzzy sets [Yao, 1998] . Fuzzy concepts (instead of crisp ones) will be approximated in crisp approximation spaces. For each ontological concept, fuzzy membership functions will be approximated, and its lower and upper bounds will be computed.
o Fuzzy rough sets [Yao, 1998 ]. Crisp approximation spaces will be generalized to fuzzy similarity spaces; crisp concepts will be approximated in these spaces. Each crisp concept will be represented by a pair of fuzzy bounds with respective fuzzy membership values.
For this task, objects will be located in an information table that contains fuzzy membership value for each attribute. These objects are to be organized into concepts that are described with combined rough fuzzy methods. The second part of the task is definition of approximation spaces and fuzzy similarity. To define crisp approximation space for rough fuzzy sets, an equivalence relation will be defined as a subset of attributes. Fuzzy similarity relation will be defined as a function that obeys properties of reflexivity, symmetry and fuzzy transitivity [Slowinski, 2000] .
Expected Results: Upon completion of the work described in the section, it is expected to have the formal methodology of representing approximate conceptual hierarchies for imprecise domains. The representation will consist of formal imprecise concepts, hierarchical and non-hierarchical relationships, and will be an approximate generalization of conceptual graphs. Imprecise concepts will be approximated to handle the imprecision. Important expected outcome is the developed method of representing imprecise hierarchical relationships between concepts that are primarily used to build skeletons of ontologies in the Semantic Web. These relationships will be formalized by using rough inclusion axiomatization from Rough Mereology. Another expected outcome is the method of handling different types of imprecision, such as vagueness and indiscernibility of objects, by combining rough and fuzzy methods for representing concepts and relationships. The resulting representation of conceptual hierarchies will not be tied to any logical formalism and will not suffer from their limitations. At the same time it is expected to be translatable into logical languages (for example, DLs) in order to support approximate reasoning and be used as formal approximate ontologies in the Semantic Web.
Potential problems and alternative strategies:
Although the proposed method for approximating knowledge in ontologies is strongly supported by the extensive number of successful applications of soft computing techniques for related problems, there are few unlikely problems that may arise. The first potential problem is the high overhead of computing approximate hierarchical relations according to mereological definitions. For approximate concepts it requires computing four standard set inclusions, which may lead to unsatisfactory performance for large ontologies. In this case, it is planned to replace this definition by the classical degree of inclusion of rough sets proposed by Pawlak [1996] . This degree, although being less informative than the original one, is also a rough inclusion function, and is consistent with the proposed methods of building approximate hierarchies. The second unlikely problem may occur with creating approximate conceptual graphs. This will happen if the methods proposed in Formal Concept Analysis appear to work poorly for ontologies. An example of this would be creation of too many meaningless concepts. In this case the intermediate representation of approximate ontologies will be skipped and Description Logics extended to support imprecision will be immediately used. Finally, it is possible that neither rough fuzzy nor fuzzy rough sets are suitable for defining concepts. This may happen if vague concepts have to be modeled in the similarity spaces. In this situation the most generic approach will be used that treats previous two as special cases. Each fuzzy concept will be approximated by fuzzy lower and upper bounds, which will be computed with respect to fuzzy similarity spaces [Radzikowska, 2002] . This is more computationally expensive but allows greater flexibility for capturing imprecision.
Aim #2. Develop methods of translating formal approximate hierarchies to Description
Logics based representation of ontologies.
Introduction. Logic-based ontologies have the advantage of providing strong support for automated reasoning. Automated reasoning is expected to be critically important in the Semantic Web even in the presence of imprecision. To retain the support of reasoning, approximate conceptual structures will be translated into Description Logics representation that is most often used as a logical basis of ontology languages. This section objective is to develop formal methods for the translation. This will accomplish the necessary transition between the representational and computational aspects of the overall objective of the proposed research. The approach that will be taken is based on the existing framework for Description Logics with uncertainty [Haarslev, 2005] that associates certainty values with logical statements in the knowledge base. The framework will be extended to support expressive description languages that will allow incorporating knowledge represented in approximate conceptual hierarchies. The rationale for translating ontologies to DLs is twofold: First, it will facilitate construction of imprecise ontologies by approximating existing crisp ontologies represented in DLs. Second, well investigated tableaux-based algorithms employed reasoning with DLs based ontologies can be adapted to tolerate imprecision and become approximate reasoning algorithms. It is expected that the resulting logic based formalism for representing imprecise ontologies will be the basis for future computational methods, such as ontology quality assessment, approximate reasoning, integration, etc. Eventually methods currently available for crisp DL based ontologies are expected to be extended to apply to approximate ontologies.
Research design:
The objective of this aim will be accomplished by undertaking the following steps:
• Extend syntax and semantics of Description Logics to handle imprecision in knowledge. The objective is to develop extensions to Description Logics languages that would allow representation of imprecise knowledge. The approach is to take a generic framework for DLs with uncertainty developed by Haarslev [2005] as a basis. Haarslev's framework is not sufficiently powerful to represent modern ontologies and needs to be extended. It is proposed to create the extensions by gradually adding the following capabilities:
o Inverse and transitive roles. Definitions of inverse and transitive roles for approximate DLs correspond to the standard mathematical definitions of inverse and transitive relations.
o Role inclusion axioms. Specifying role inclusion axioms will allow creating approximate hierarchies of roles analogously to approximate hierarchies of concepts.
o Limited qualified number restrictions on roles. Number restrictions on roles allow specifying the number of objects from another concept that can be related through the given role to the given concept. In this step, number restrictions will be limited to n=1, and will be asserted only for non-inverse and non-transitive (simple) roles. The resulting language will fully cover the capabilities of the DL SHIF [Horrocks, 2004] that is basis of the ontology language OWL Lite [Horrocks, 2003] .
o Qualified number restrictions in general. This will cover number restrictions for simple roles.
o Named individuals. This will be the final capability that will be added. It will allow explicit lists of objects as concept constructors. The resulting language will cover the capabilities of the DL SHOIN [Horrocks, 2004] that is basis for ontology language OWL DL [Horrocks, 2003] .
Each of the capabilities will require not only syntactic but also semantics extensions. Semantic extensions will be provided by extending the interpretation function that will map symbolic constructs to real-world objects [Haarslev, 2005] . DLs based ontologies will be created from uncertain knowledge to test the extensions of the language. The ontology creation steps are:
o Represent terminological knowledge (TBox) i.e. represent approximate hierarchy of concepts.
o Represent assertions about individual objects (ABox) i.e. specify how objects are distributed over approximate concepts o Represent approximate role hierarchies (RBox) . If the language is sufficiently powerful, create RBox and add assertions about roles and objects to ABox.
• Develop rough interpretation of imprecision in Description Logics. Generic framework for DLs with uncertainty does not make any assumptions about either the nature of imprecision or the implementation of the components that are used to deal with it. For each particular type of imprecision, these components should be implemented in accordance to the interface specified by the framework. The objective here is to specify all needed components to handle imprecision caused by approximation and similarity spaces. Rough and fuzzy methods described above will be used. The following components will be specified:
o Certainty lattice. Degrees of imprecision that are associated with DL axioms will be organized into a complete lattice. The following will be done to specify the lattice:
Certainty values. Certainty values will be represented as closed intervals. Intervals will be normalized to be enclosed in unit-interval.
Partial order relation. Intervals will be ordered to allow a comparison of certainty values. Several options proposed in Interval Analysis will be used [Yakovlev, 1992] [ Chiriaev, 1997] . It is expected that (for our purposes) the most adequate will be the "set-less-or-equal" definition [Chiriaev, 1997] :
Least upper and greatest lower bound operators. These operators will be defined with respect to the partial order relation.
o Imprecision management functions. Haarslev has formulated necessary properties, which the functions dealing with certainty values must obey [Haarslev, 2005] . For approximation spaces, these functions will be defined with rough membership function. A conjunction function f c will be defined as a rough membership to the intersection of approximate concepts; and, disjunction function f d as a rough membership to the union of approximate concepts. Lastly, propagation function f p , responsible for propagating certainty value from the left hand side of an axiom to right, will be specified.
After the specification of the above components, it will be verified that the implementation of Haarslev functions conforms to the interface specified by the framework. This will be done analytically: by proving that each necessary property for each function is satisfied with respect to the partial order relation on intervals. Consequently, functions that will operate with imprecision in ap-proximation and similarity spaces can be used in the generic framework. This will complete the specification of the framework and make it expressive enough to represent approximate ontologies.
• Develop algorithms to convert approximate conceptual hierarchies into Description Logics. The objective is to translate the knowledge represented in approximate conceptual hierarchies into DLs knowledge bases. It is expected that the translation can be facilitated by establishing the following association between the representation formalisms:
o Concept type hierarchy will be associated with TBox axioms o Role type hierarchy will be associated with RBox axioms
The first step of translating knowledge from conceptual structures to DL will be comprised of creating terminological axioms that express the hierarchy of approximate concepts. Next, approximate hierarchy of roles will be created by adding RBox axioms. Finally, concept definitions will be updated by taking into account non-hierarchical relationships specified in approximate conceptual graphs. The experiments and theoretical investigations will be conducted to ensure that the translation is done without loss of knowledge. In particular, the following will be verified:
o Every concept defined in conceptual type hierarchy is translated to the axiom(s) in TBox o Every role defined in role type hierarchy is translated to the axiom(s) in RBox o Every role defined in star graph is used to update a single or multiple axioms in TBox o Every concept/role defined in TBox/RBox axioms is explicitly defined in the conceptual structure o Every hierarchical relationship defined between concepts/roles in conceptual graphs, explicitly exists in TBox/RBox sets of axioms
Expected Results: The principal outcomes of this section are: first, extended framework for DLs with uncertainty; and, second, formal methodology for translating approximate conceptual hierarchies into the framework. The framework is expected to support expressive ontological languages such as OWL Lite, OWL DL. It will open possibilities for constructing new approximate ontologies and expanding existing ones to cover imprecise domains. Both syntax and semantics of the description language will be extended to accommodate approximate concepts, roles and axioms in formal knowledge bases. Additionally, the rough interpretation of imprecision in DLs will be developed and will be ready to apply to imprecise ontologies. The interpretation will consist of the semantics assigned to certainty values and the needed mechanisms to operate with them. It is also expected to be extensible enough to allow the integration with other methods of handling imprecision. One such integration, a collaborative use of rough and fuzzy methods that is expected to handle vagueness and incompleteness of knowledge, will be presented. The final expected outcome is that formal methods of translating approximate ontologies from conceptual graph representation into DLs will be developed. This will not only demonstrate that the extended language is capable of representing approximate conceptual hierarchies, but will also conclude the process of formalizing imprecision in ontologies. Upon the successful completion of this section, approximate ontologies will be represented in a way that is appropriate for the use by intelligent logic based machines. The next steps will be focused on meeting the need of computing with approximate ontologies as opposed to resolving the issues of the formal representation of imprecise knowledge.
Potential problems and alternative strategies:
Although the proposed research is based on the flexible and generic framework for handling imprecision in DLs, there may be potential difficulties in accom-plishing the declared objectives. First remote problem may occur if Haarslev's framework appears to be inapplicable for DLs more expressive than ALC. If this is the case, alternative ways of treating imperfect knowledge in DLs will be used. One such way is the approach proposed by Tresp [1998] who suggested changes in the underlying first order calculus. More precisely, the underlying logic is generalized to many-valued logic; and, the corresponding changes in the syntax and semantics of concept language are made. In this case, subsumption and satisfiability algorithms will also need to be redefined. Second, there is an unlikely possibility that the proposed rough interpretation of imprecision will either be inadequate as such or appear to be incompatible with the interface specified in the Haarslev's framework. In this situation, another approach to approximating concepts and roles in DLs will be taken. It will be defined as a subset of approximate predicate logic [Parsons, 1994] . Finally, translation of approximate conceptual graphs into DLs representation may potentially fail due to the lack of logical foundations of conceptual structures. To overcome this, an intermediate step will be taken as suggested by Ferre [2000] who generalized formal concepts to contextualized logic. It is expected that the translation from one logical formalism into another will be smoother than the direct transition from conceptual graphs.
Aim #3. Develop computational methods for the quality assessment of approximate ontologies
Introduction. Once the representation of imprecision in ontologies has been developed and ontologies can potentially be imprecise, it is natural to ask about the extent (degree) of their imprecision. This is a computational problem of assessing the accuracy of approximate ontologies. Ontology accuracy is an aspect of its quality and has an impact on reasoning with the ontology. Its formal assessment is important to such tasks as choosing the best ontology for a domain, analyzing the results of ontology integration and many others. This section objective is to provide a formal metric and a computational method for the assessment of the overall imprecision of an entire ontology. The approach to providing the metric will be based on formulating its desirable behavior with respect to degrees of imprecision of all ontology components (concepts and relationships). It will be accomplished before developing computational methods. The approach to computing the overall imprecision will be based on traversing the hierarchical structure of the DLs based ontologies. The extent to which the need of having computational methods of assessing the accuracy is met will be estimated basing on: First, how well the function behaves with respect to the imprecision of ontology's components. Second, how efficient is the computation for dynamic (evolving over time) ontologies. The rationale for this aim is to give the Semantic Web users a mechanism for assessing the sources of the background knowledge; and allow ontology providers to explicitly declare the degree of imprecision in their ontologies. The expectation is that the overall imprecision of ontologies will be an indispensable characteristic of approximate formal ontologies in the Semantic Web. Taking advantage of it will be a fundamental capability of most of the Semantic Web users.
Research design:
• Determine how imprecision of concepts impacts the overall imprecision of ontology.
Formulation of the necessary properties of overall imprecision will begin with investigating how it should behave with respect to the imprecision of individual concepts. It is expected that the imprecision value of each concept in the ontology has an impact on the overall imprecision value. The imprecision value of each concept will be computed as a roughness measure that has been proposed for fuzzy sets by Huynh [2004] and Banerjee [1996] . Further, it is expected that the impact of concepts is not uniformly distributed, but depends on properties of concepts. To capture this, concepts will be assigned weights that indicate their impact on the overall imprecision. The weight assignment will be an important part of estimating the overall imprecision.
The following hypotheses will be tested:
o The level in the hierarchy of concepts affects the overall imprecision o The total number of the subsumed concepts affects the overall imprecision o The total number of relationships with other concepts affects the overall imprecision
To test these hypotheses and to estimate the relevance of the above factors for the overall imprecision of the ontology, the following methodology will be used:
o Approximate DLs based ontologies will be created and adapted from the Lehigh University Benchmark data (LUBM) [Guo, 2005] .
o Approximate classification queries will be executed for targeted concepts (concepts whose impact on overall imprecision is measured). An example of such a query is retrieving all objects that can be classified as instances of a concept with guaranteed precision.
o Imprecision of targeted concepts will be increased. This can be done in two ways: by increasing the roughness of atomic concepts in the definition of the concept, or by increasing the roughness of the parent concept and the corresponding inclusion axiom.
o Terminological (concept inclusion) axioms will be recomputed to propagate the imprecision changes to the ontology.
o Classification queries will be re-executed for all updated concepts and the results will be compared to the results from the previous run.
The impact of the imprecision of a concept on the overall imprecision of the ontology will be measured as fraction of objects that cannot be classified with the original precision. Additional criteria may be considered depending on the results of the experiments, for example, number of subordinate concepts whose imprecision has been affected, may be a concern. These studies are expected to reveal the important properties of the overall imprecision metric. It is anticipated that imprecision of concepts will be a key factor influencing the overall imprecision of the ontology.
• Determine how imprecision of roles impacts the overall imprecision of ontology. The next step in studying the metric's properties is to investigate the influence of the imprecision of non-hierarchical roles between concepts. It is expected that the imprecision of roles will affect the imprecision of corresponding concepts. In addition, roles can also participate in hierarchical relations (RBox axioms) which can also be imprecise. This also may have an impact on the metric. In summary, the following hypotheses will be tested:
o The generalities of concepts linked by a role affect the overall imprecision.
o The generality of the role in the roles hierarchy affects the overall imprecision.
Experiments similar to the ones that determine the impact of concepts will be conducted. Targeted concepts will be those connected by a role whose impact on the overall imprecision is measured.
• Develop efficient algorithms for computing ontology imprecision. The objective is to efficiently compute the overall imprecision for dynamically changing ontologies. It is expected that it can be computed incrementally. In this case, when new knowledge is added to the ontology, only the imprecision of affected components will be updated, without recomputing the entire function from scratch. Specifically, it is expected that the degrees of imprecision of concepts and subsumption relations lying higher in the hierarchy than the changing fragment will not be recomputed. However, lower parts of the ontology may be subjects for significant changes in both, the structure of the ontology and the degrees of imprecision of its components. Thus, the following steps might be required in order to update the overall imprecision value:
o Determine the set of concepts, subsumption relations and roles for which degrees of imprecision have to be recomputed after adding new knowledge.
o Recompute the corresponding values of imprecision.
o Update weights assigned to concepts and roles.
For the experiments, evolving ontologies will be used. Ontologies will be built step-by-step by adding new concepts; and the metric will be recomputed multiple times for the different states in the ontology evolution. Additional structural changes will be made after the ontology has been fully created. These changes will be used to test the performance of the metric in the case of abrupt situations. An example of such situation is: one of the upper concepts is added, updated or removed from the ontology, possibly causing substantial changes in the hierarchical structure.
Expected Results: The principal expected outcomes for this aim are: the formulated behavior of the overall ontology imprecision metric; and, the developed method for its computation. The function is expected to be described by a set of properties specifying how it is influenced by the imprecision of ontology components. This will allow assigning weights to ontological concepts and roles with respect to their anticipated impact on the overall imprecision. Weights will facilitate the process of computing the function. The function is also expected to be abstracted from the nature of imprecision handled in each particular ontology. This would allow using the function for the larger class of ontologies with different types of imprecision that are expected to exist in the Semantic Web. In addition, it is anticipated that the function will be computed incrementally in order to efficiently use it for evolving ontologies. The computation process will not be expected to recompute the degrees of imprecision of all ontology components after new knowledge has been added. These results are important because they give the Semantic Web users an effective tool for evaluating accuracy of imprecise ontologies which has an impact on computing with them.
Potential problems and alternative strategies:
There are a few unlikely, but possible difficulties that may occur when computing the overall imprecision metric. One potential problem is that the metric may potentially fail to be computed incrementally. This may happen if the assumption of the locality of changes in evolving ontologies appears to be wrong. In this case, methods will be developed to efficiently recognize the characterization of ontology changes and make the decision of whether the computation of overall imprecision should be restarted. There may also be performance issues with computing the metric; especially if it has to be recomputed in most of the cases. If the computation appears to be intractable, the problem can be alleviated by replacing the precise computation by a heuristic one. The heuristic would be based on the assumption that lower level concepts that have little impact on the overall imprecision may sometimes be ignored by the metric. Additional imprecision caused by the heuristic computation will be formally captured using the Interval Analysis for representing the imprecision values.
Future directions
The long term goal is to develop methods of approximate computation that will be effective in the Semantic Web. A formal methodology of handling the imprecision in ontologies is the first step in at-taining this goal. As a principal outcome of the proposed research, the methodology will be developed; and constructing formal approximate ontologies for imprecise domains will become possible. At that time, it is planned is to proceed from representing and assessing imprecise ontologies to computing with imprecise ontologies. It is intended to approach problems for which precise computation is impossible due to information imprecision or intractable. Important examples of such problems are: approximate query answering, text disambiguation and summarization, autonomous semantic tagging and knowledge extraction. All these tasks require extensive use of possibly imprecise background knowledge that is expected to be found in approximate ontologies at that point. Advances in solving these problems are fundamentally important to machines ability to surf the Web. They are the fundamental factors for the Semantic Web's success in imprecise areas that have historically been considered for human use only. Determine how imprecision of concepts impacts the overall imprecision of ontology x xxx Determine how imprecision of roles impacts the overall imprecision of ontology xxxx
Time table
Develop efficient algorithms for computing ontology imprecision xxxx
Broader Impact
The proposed research will advance discovery while promoting teaching and learning. The PI heads his universities multi-disciplinary Data and Knowledge Management group. There is a commitment to undergraduate participation in research activities beginning early in their education; the PIs research acts as a magnet. The deployment of an affinity group model in concert with targeted preparedness activities is expected to lead to enhanced infrastructure within the PIs department and college, particularly with respect to research and education of underrepresented students, targeting and mentoring undergraduate women who wish to become involved with Computing research. Advancement of such students is expected to have broad societal impact, which will be complemented by the positive effects that the research outcomes are expected to have on the society as a whole. The results of the research are expected to enable the next-generation of the Semantic Web based services; this will allow the broader, easier dissemination, distribution, and integration of information. This will enable society to better use and share information. Outcomes of both the research and educational endeavors will be broadly disseminated. Not only will results be published in peer-reviewed journals and the proceedings of widely attended conferences, but all code developed will be made available through open-source mechanisms.
